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ABSTRACT.—Kelp forest communities are highly variable over space and time. Despite this complexity it has been
suggested that kelp forest communities can be classified into one of 2 states: kelp dominated or sea urchin dominated. It
has been further hypothesized that these represent “alternate stable states” because a site can remain in either of these
states for decades before some perturbation causes a rapid shift to the other state. Our research group has maintained
a subtidal community monitoring program for 38 years at San Nicolas Island consisting of twice-annual scuba-based
surveys at 6 sites distributed within 4 regions around the island. Three types of perturbations are thought to be relevant
to subtidal community dynamics at San Nicolas: (1) physical disturbances in the form of major storm and El Niño/
Southern Oscillation (ENSO) events; (2) invertebrate diseases, which periodically decimate urchin populations; and
(3) the reintroduction and subsequent increase of sea otters (Enhydra lutris nereis). These 3 perturbations differ in spatial
and temporal specificity; physical disturbances and disease outbreaks occur periodically and could affect all 4 regions,
while sea otter predation has been concentrated primarily at the West End sites over the last 15 years. The different
types of perturbations and the duration of the time series at the kelp forests at San Nicolas make the data set ideal for
testing the “alternate stable state” hypothesis. We use nonmetric multidimensional scaling (NMDS) to examine spatial
and temporal patterns of community similarity at the 4 regions. In particular, we evaluate support for the existence of
stable states, which are represented on NMDS plots as distinct spatial clusters. Community dynamics at each site
approximated a biased random walk in NMDS space, with one or more basins of attraction and occasional jumps
between basins. We found evidence for alternative stable states at some sites, and we show that transitions from one
stable state to another may be influenced by interactions between multiple perturbations.
RESUMEN.—Las comunidades forestales de algas marinas son muy variables en tiempo y espacio. Sin embargo, pese
a tal complejidad, se planteó que las comunidades forestales de algas marinas pueden clasificarse en uno de dos estados:
dominadas por algas marinas o dominadas por erizos de mar. También se formuló la hipótesis de que estos representan
“estados estables alternos,” ya que un sitio puede permanecer en cualquiera de estos estados durante décadas antes de
que alguna perturbación provoque un rápido cambio hacia el otro estado. Nuestro grupo de investigación mantuvo,
durante 38 años, un programa de monitoreo comunitario submareal en la isla de San Nicolás que consistió en estudios
bianuales basados en el buceo, en 6 sitios distribuidos en 4 regiones alrededor de la isla. Tres tipos de alteraciones se
consideran de importancia en las dinámicas de la comunidad submareal de San Nicolás: (1) la alteración física, dada en
forma de grandes tormentas y de los sucesos ENSO (oscilación meridional de El Niño); (2) las enfermedades de los
invertebrados, que diezman, periódicamente, las poblaciones de erizos; y (3) la reintroducción y el posterior aumento de
nutrias marinas (Enhydra lutris nereis). Estas 3 alteraciones difieren en cuanto a su especificidad espacial y temporal: la
perturbación física y los brotes de enfermedad ocurren periódicamente y pueden afectar a las 4 regiones, mientras que
la depredación de la nutria marina se concentró, principalmente, en West End en los últimos 15 años. La presencia de
estos tipos de alteraciones y la duración de las series de tiempo hacen de San Nicolás un conjunto de datos ideal para
probar la hipótesis del “estado estable alterno.” Para examinar los patrones de tiempo y de espacio de similitud comunitaria en las 4 regiones usamos la escala multidimensional no métrica (NMDS, por sus siglas en inglés). Específicamente,
evaluamos el respaldo de la existencia de estados estables, representados en gráficos de NMDS como áreas espaciales
distintas. Las dinámicas de la comunidad en cada sitio se asemejan a una caminata sesgada azarosa en el espacio de
NMDS, con una o más cuencas de atracción y con saltos ocasionales entre las cuencas. Encontramos, en algunos sitios,
evidencia de estados estables alternos y mostramos que las transiciones de un estado estable a otro pueden verse influenciadas por interacciones entre múltiples alteraciones.
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Ecologists have long recognized that species composition and other characteristics in
biological communities do not vary randomly.
Communities are generally found in one of
several “states,” and these alternative states
may each represent stable points (Sutherland
1974, May 1977). “Community state” is
described by one or many variables, often
called dynamic state variables, which can
include the relative abundances of species or
guilds as well as other biotic or abiotic traits
such as the amount of unoccupied space or
the amount of biogenic habitat (Beisner et al.
2003). Stability is key and is generally taken
to mean that the community state exhibits
“resilience” (Holling 1973), whereby it will
tend to move back toward its original configuration after being perturbed in the same way
that a ball sitting within a basin will tend to
roll back toward the center of the basin after
a small push (Scheffer and Carpenter 2003).
The latter metaphor has resulted in the concept of a “basin of attraction” used to describe
the range of perturbations (e.g., environmental stressors, additions or removals of species)
to which the community is resilient. A community within a basin of attraction will tend
to stay there unless exposed to a sufficiently
large perturbation, in which case the community may shift to a different (alternative) state
(Scheffer et al. 2001). Understanding the factors that cause communities to shift from one
stable state to another is important because
unexpected shifts in state can have substantial
socioeconomic implications, including fisheries collapses, disease outbreaks, or largescale changes in vegetation (Beisner et al.
2003).
One of the ecosystems often highlighted as
a textbook example of alternative stable states
are the kelp forest systems found on rocky
reefs in nearshore coastal areas (Ebeling et al.
1985, Steneck et al. 2002). The concept of
alternative stable states in kelp forests is based
on the observation that subtidal kelp forest
communities appear to most often exist in one
of 2 states: an algal-dominated state or a sea
urchin–dominated state (Estes and Duggins
1995). It has been suggested that both of these
states are relatively stable; a particular community may remain in one state indefinitely until
some significant perturbation—an unusually
disruptive storm or the invasion of a new
predator—drives a shift to the alternate state.

Shifts between stable states tend to be nonlinear and rapid, such that communities rarely
occur in “intermediate” phases. Moreover, the
details of a phase shift (i.e., the level of the perturbation or the point at which the phase shift
occurs) may differ depending on which state
the community starts from, a phenomenon
known as “hysteresis” (Hughes et al. 2005).
The magnitude of this difference has been estimated to be 10-fold in terms of sea urchin biomass for the transition between a kelp and
urchin state, depending on direction (Ling et
al. 2015). The above characterization of alternate stable states in kelp forests has been supported by multiple studies (Konar and Estes
2003, Watson and Estes 2011, Steneck et al.
2013, Filbee-Dexter and Scheibling 2014) but
has been criticized by some researchers who
feel it represents too narrow a view and tends
to ignore common but less obvious intermediate phases and questions of scale (Foster and
Schiel 1988, 2010). Meta-analysis of kelp forest
systems does not suggest a consistent pattern
of stable states, but rather suggests that local
drivers may be important in determining community state in different systems (Krumhansl
et al. 2016).
If we accept that community dynamics in
kelp forests may, in some cases, be well described by an alternate stable state paradigm,
questions remain about the predictability of
phase shifts, how such shifts may differ among
sites, and how they are affected by physical
or environmental factors. For example, if we
subject a sample of kelp forest communities to
the same perturbation (e.g., the introduction
of a predator that reduces urchin abundance),
will all of the communities respond similarly
or will the nature of the shift depend on the
physical and environmental factors unique to
each site? And if a community is perturbed
from a kelp-dominated to an urchin-dominated
state, but urchins are then removed, will the
community return to its original state (in terms
of species composition)? If so, this would imply
predictability and also suggest that the particular physical or biotic characteristics of the
site dictate the equilibrium community state.
Alternatively, if a very different community
develops, this would suggest a more stochastic process of community assembly following
a perturbation.
Subtidal benthic communities around San
Nicolas Island (SNI), in the southern California
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population established there by translocation
in the late 1980s has increased at some sites
but not others. Three of the sites have undergone deforestation events from which they
have recovered to varying degrees. We use
multivariate graphical and analytical techniques to evaluate support for alternative
stable states and to make inferences about the
perturbations that might cause communities
to shift between states.
METHODS
Field Methods

Fig. 1. Schematic of a typical site showing the arrangement of benthic 20-m2 density swaths and 1-m2 cover
quadrats. The main transect is 50 m long with eyebolts at
5-m increments. Swaths are 10 m long by 2 m wide. Typical
swath placement is shown. h__h symbols represent 1-m
point contact quadrats defined by 2 bolts 1 m off the line.

Bight, provide an ideal opportunity to examine
support for stable states in kelp forest systems.
Originally established in 1980 to document
the impact of a proposed translocation of sea
otters to the island, the 6 permanent subtidal
sampling sites have generated one of the longest
continuous time series on the composition and
dynamics of rocky reef benthic communities
in the northeastern Pacific. Here we examine
community dynamics at 4 sites in kelp forest
habitats which have been closely monitored
for over 3 decades. The sites, though separated by <15 km, are exposed to different
levels of storm-generated waves and have
experienced different intensities of sea urchin
grazing and disease. In addition, these sites
have been subjected to a temporal and spatial
gradient of sea otter foraging as the otter

Six permanent, long-term subtidal sites
were established around SNI in 1980 (Kenner
et al. 2013) and have been sampled twice a
year since then. For this analysis, the published data set (extending from 1980 to 2011)
was augmented by additional data collected
between 2012 and spring 2017. A full explanation of the field methods may be found in
Kenner et al. (2013), but to summarize in brief:
kelps and a suite of motile molluscan and
echinoderm invertebrates were counted on 5
permanent 10 × 2-m swaths arranged perpendicular to one side or the other of a 50-m main
transect line at each site. In addition to these
swath counts, the proportional cover of algae,
nonmotile invertebrates, exposed substrate,
and a few classes of motile invertebrates
were measured using a point contact method
(20 points within each of 10 permanent 1-m2
quadrats at each site). The cover quadrats were
also placed at intervals at one side or the other
1 m off the main transect line (Fig. 1).
For the purposes of this analysis, the
paired sites at West End were combined and
the data pooled as one site, as were those at
Dutch Harbor. The 2 main 50-m transects
defining the West End sites form a continuous 100-m transect whereas those of the 2
proximal Dutch Harbor sites are about 140 m
apart, separated by a sand channel. Pooling
the data from these paired sites was considered justified due to the sites’ similarity and
resulted in a total of 4 different sites (Fig. 2).
The depth of the main transects at the sites
range from approximately 10 m to 13 m, with
3 of the sites varying in depth by only about
2 m throughout the sampled area. At Dutch
Harbor, however, high-relief reefs soar as
much as 4 m in abrupt faces and contain
abundant cracks and ledges.
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Fig. 2. Location of the 4 sites around San Nicolas Island. West End and Dutch Harbor each have a pair of adjacent
sites combined in this analysis. Macrocystis surface canopy is shown (2008).

Analytical Methods
We conducted a nonmetric multidimensional scaling (NMDS) analysis (Borg and
Groenen 2005) of 2 data sets: count data of
species on the permanent 20-m2 density
swaths and proportional cover data from the
fixed 1-m2 cover quadrats. Two abalone
species on swaths—Haliotis rufescens and H.
corrugata, which were always rare and have
been almost entirely absent from all sites for
the last 2 decades—were excluded from
analysis. This resulted in the following 17
categories of swath-counted species: 1 fucoid
alga (Cystoseira osmundacea), 6 kelps (Eisenia arborea, Pterygophora californica, Laminaria spp., young Laminariales, Macrocystis
pyrifera >1 m, and M. pyrifera <1 m), 2 gastropods (Megastraea undosa and Megathura
crenulata), 1 sea cucumber (Parastichopus
parvimensis), 2 sea urchins (Strongylocentrotus franciscanus and S. purpuratus), and 5 sea
stars (Pisaster giganteus, Pycnopodia helianthoides, Patiria miniata, Dermasterias imbricata, and Astrometis sertulifera). The mean
density of each category was calculated for
each site in each sampling period for which
data were available (Fig. 3A).
Species and groups appearing in the cover
data were assigned to the following 8 categories:

bare rock, sand, brown algae (not including
kelp), sea cucumber, encrusting algae, erect
coralline algae, fleshy red algae, and nonmotile
invertebrates. Species already represented in
the count data (e.g., C. osmundacea) or which
represented rare categories (e.g., green algae)
were not included in the analysis of cover
data. The sea cucumbers in the cover data
are small but sometimes very numerous species primarily of the genera Cucumeria and
Pachythyone. As with the count data, a mean
value was calculated for each category, site,
and sampling period.
Both data types were log(x + 1) transformed prior to analysis in order to normalize
the data. Additionally, in order to combine the
2 data types into a single NMDS analysis, we
rescaled the cover data; specifically, we multiplied log-transformed cover data by a factor
of 1.75, a value selected to equalize the mean
relative abundances across all categories for
both sampling methods (rescaling was preferable to variable normalization, as the latter
method tends to reduce the influence of dominant species and exaggerate the influence of
rare species).
Multidimensional scaling analyses were
performed using PRIMER v6®. After transformation, the 4 sites were analyzed together and
then separately using the combined count and
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Fig. 3. A, Key for linking sample period numbers (as referenced in the NMDS plots) to the season (F = fall, S =
spring) and year of each sampling event. The color of each sample period corresponds to point colors in the NMDS
plots. B, Timeline of state changes at the 4 sites. Colors are a progression from one NMDS grouping to another, as
defined by 75% similarity. Similar colors between sites do not imply similar states. Light gray denotes missing data, and
yellow hatched areas indicate periods during which the community appeared to be in a transitional state.

cover data. A Bray–Curtis similarity index was
computed for each site, and NMDS plots were
generated from the resulting similarity matrices.
We used analysis of similarity (ANOSIM) to
test whether variation in community states
differed significantly among sites (Clarke
1993). Graphical analyses of NMDS plots
were then used to evaluate support for the
existence of multiple stable states at each site.
Our a priori expectations were as follows:
Support for the existence of a stable state at a
given site would be assumed if the time series
of community state over time (represented by
ordered points on the NMDS ordination) was
tightly clustered, suggesting a “central point
of attraction” for community composition.
Similarly, support for alternative stable states
would be implied if there were 2 (or more)
distinct clusters with occasional transitions of
the community from one cluster to another,
representing phase shifts. Alternatively, a lack
of any distinct clusters (e.g., a diffuse cloud of
points on the NMDS ordination suggestive of
an unbiased random walk) would provide
evidence against the existence of alternative
stable states. We identified clusters using a
simple agglomerative, hierarchical clustering
of the resemblance matrix with an a priori
75% similarity threshold (PRIMER v6).

Sea otter abundance was measured and
analyzed separately. Sea otters around SNI
were surveyed at least twice annually by
shore-based observers, as described elsewhere
(Tinker and Hatfield 2016). All data were
digitized into a geo-spatial database, and the
relative densities of sea otters in the region of
each subtidal site were calculated as 3-year
running averages of the maximum annual
counts within a circle with a radius of 4 km
centered on each site. This spatial domain was
selected to measure the abundance of otters
likely to influence each site via predation,
based on previous analyses of the mean home
range size of sea otters at SNI (Tinker et al.
2008). The resulting time series of sea otter
abundance at each site was combined with
NMDS plots of community state dynamics.
Specifically, each point on the NMDS plot
(representing the community state at site i at
time t) was scaled to the relative abundance of
sea otters to graphically examine the role that
sea otter recovery may have played in driving
phase shifts in community state.
RESULTS
There was substantial variation in community composition at SNI, both between and
within sites, over the course of data collection.
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Fig. 4. The 4 sites projected onto a common pair of NMDS axes. Similarity clusters at the 75% level are depicted.

An NMDS ordination of all survey data plotted
on common 2 dimensional axes (Fig. 4) shows
a significant degree of separation by site
(ANOSIM P < 0.01). Three of the sites
showed a multimodal pattern, characterized
by 2 (or more) distinct clusters, while Dutch
Harbor remained entirely within a 75% similarity grouping over the full 38-year period.
The West End site showed the greatest range
of variation between clusters.
Each of the 4 sites has a unique character
and history. West End, the most exposed site,
has also been the most dynamic (Fig. 5A). It
became dominated by the purple urchin, S.
purpuratus, in the late 1980s (period 14). The
urchin population crashed briefly in 1993
(period 27) then soon rebounded before almost
disappearing in 2001 (period 42). Following
this most recent urchin population crash,
various algal regimes dominated, with high
densities of M. pyrifera eventually giving way
to high-density understory kelps and increased
cover of lower-lying fleshy red algae. The
opposite extreme is Dutch Harbor (Fig. 5B),
which has maintained moderate levels of
urchins and kelps with mixed algal and
invertebrate cover. This site, which is relatively protected except from southern swells,
has never transitioned to one dominated by
sea urchins. The remaining 2 sites are intermediate in dynamics. Daytona (Fig. 5C), with
an exposure similar to that of Dutch Harbor,
originally supported a high-density under-

story of Cystoseira and Laminaria but became
dominated by S. purpuratus in the mid-1990s
(period 30). The urchins underwent brief
declines in 1998 (period 35) and 2003 (period
45) before rebounding. The site remains a
mix of urchin-dominated and kelp-dominated
areas. Nav Fac (Fig. 5D), which—like West
End—is exposed to the northwest, had a
species composition similar to Daytona until
it also was dominated by increasing numbers
of S. purpuratus in 1991 (period 22). Here,
too, urchins declined briefly in 2003 (period
46) and again dropped to low levels in 2015.
It is likely that all of the rapid urchin declines
described above were initiated by disease.
Although diseased individuals were not
observed, this assumption is based on swift
reductions of high-density urchin populations
where evidence of other causes was lacking
(Behrens and Lafferty 2004, Lafferty 2004).
Figure 6 shows NMDS plots of community
state dynamics for each site, with groupings
of points (clusters) identified at the 75% similarity level. Though some of the periods are
clearly transitional (e.g., periods 42–45 at West
End), most of the clusters at each site appear
to represent basins of attraction (sensu Scheffer
and Carpenter 2003) insomuch as community
state tended to vary within a relatively small
area of total NMDS space over periods of
years to decades. Transitions between clusters
were generally rapid, and communities at some
sites have transitioned between clusters more
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D

Fig. 5. Temporal changes in major ecosystem components at the 4 sites: A, West End; B, Dutch Harbor; C, Daytona;
D, Nav Fac.

than once. The West End site for example
repeatedly passed in and out of an urchindominated cluster (lower left of Fig. 6A), a
state where purple urchins and encrusting
coralline algae predominated and fleshy algae
were sparse. A similar pattern was seen at
Daytona (Fig. 6C, urchin-dominated cluster
at lower left) and Nav Fac (Fig. 6D, urchindominated cluster at upper right). Figure 3B
shows a timeline of these transitions for all 4
sites. Both West End and Nav Fac underwent
a state shift in the early 2000s as purple
urchin numbers declined sharply at both
sites; otherwise there is little sign of synchronicity between the sites. Most states were
maintained from 5 years to over 10 years.
The sea otter population at SNI, initialized
by the translocation of animals from the central
California coast in the late 1980s, has not
expanded uniformly around the island. Until

1995 the population numbered at or below a
dozen animals but has now increased to approximately 100 (Tinker and Hatfield 2016),
and most of the animals reside off the west end
of the island for most of the year. Figure 7
shows the NMDS ordinations at each site, with
symbol-size corresponding to the number of
otters within 4 km of each site over time. At
the West End site (Fig. 7A), the site with the
greatest otter abundance, an uptick in sea
otters in the early 2000s was associated with
a transitional shift (periods 41–45) followed by a
convergence on a previously unobserved cluster characterized by dense M. pyrifera (periods
46–52), then a shift to another new cluster
characterized by dense understory kelps and
fleshy red algae (periods 53–71). These latter 2
“otter-associated” basins of attraction correspond to the 2 farthest-left clusters on the
common ordination of all sites (Fig. 4).
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Fig. 6. NMDS 2D plots: A, West End; B, Dutch Harbor; C, Daytona; D, Nav Fac. Numbers represent sampling
periods from 1 (fall 1980) to 74 (spring 2017). Symbols are colored by 5-year increments, and lines connect adjacent
sampling periods. Similarity groupings at the 75% level are shown.

DISCUSSION
Our analysis lends support for the existence
of stable states at all 4 sites. At all sites the
community state was persistent over time,
represented by tightly clustered points on
NMDS ordinations. Because communities
persisted within these clusters for years to
decades and showed a tendency to return to a
cluster centroid following small perturbations,
it seems reasonable to characterize these
states as basins of attraction for community
composition (Scheffer and Carpenter 2003).
Indeed, the dynamics of community state in
NMDS space resembled the biased random
walk of an animal within its home range,
where stochastic movements within a cluster
are biased toward a central point of attraction.
Three of the sites had more than one cluster,
implying multiple stable states, and there
were occasional and sudden transitions of the
community between clusters.
Dutch Harbor has occupied the same state
over the entire 38 years of our study, exhibiting no apparent phase shifts. Daytona shows

2 distinct clusters, shifting repeatedly between
urchin- and kelp-dominated states. Nav Fac
displays 4 distinct clusters, and although it
only resided in each state once during our
study, it remained in the first 3 for about a
decade each before shifting to another. The
site has most recently entered a fourth state,
during the last 4 periods, following a sharp
reduction in sea urchin numbers. Finally, West
End displays the most complex pattern of
community dynamics, with 4 distinct clusters.
As with the Daytona site, the community at
the West End site underwent multiple phase
shifts between 2 distinct states, one urchin
dominated and one kelp dominated; however,
after sea urchin numbers fell precipitously in
period 42 and sea otter abundance increased,
the community transitioned to 2 previously
unobserved states.
The complex dynamics at the West End
site speak to the question of whether a kelp
forest which becomes urchin dominated will
return to a similar community composition
after the urchins are removed. In the case of
the West End after the 2001 urchin population
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Fig. 7. NMDS 2D plots: A, West End; B, Dutch Harbor; C, Daytona; D, Nav Fac. Diameters of circles over NMDS
nodes are scaled to represent the numbers of sea otters within 4 km of each site. The largest circle on periods 72 and 73
at West End represents 52.7 otters compared to 3.3 otters for the largest concentration at Nav Fac.

crash, that did not happen. Instead the site
transitioned to new stable states and is currently much more dominated by fleshy red
algae and understory kelp species than at any
other time in our series of data.
Over the course of this study, the perturbations causing shifts between alternative states
was not always clearly identified, although in
some cases inferences can be made. Precipitous
declines in sea urchin density are often assumed
to be the result of unobserved sea urchin disease outbreaks (Feehan and Scheibling 2014).
Increasing sea urchin numbers may result
from recruitment pulses or immigration from
adjacent areas, and the resulting increase in
urchin grazing can result in kelp deforestation.
Alternatively, rapid loss of kelp biomass due to
extreme storm events may cause a change of
state (Harrold and Reed 1985). An entirely
different scenario may result if sea urchin densities are depressed for longer periods, as was
the case after 2001 at West End. In this case
M. pyrifera declined, possibly due to a storm
event, apparently allowing a new state to
emerge in which storm-resistant understory

kelps and red algae dominated. The observed
transitions may have been facilitated by the
deterrent effect of sea otters on the local sea
urchin population.
Sea otters are often cited as being responsible for changes in stable states due to their
efficient elimination of exposed sea urchins
(Estes and Duggins 1995). In the case of the
West End kelp forest, they were likely not
the primary cause of the shift that occurred
there in period 42. Sea otters are size-selective
foragers. Much of the urchin population there
just prior to that point consisted of very small
purple urchins resulting from a recent recruitment. The otters were unlikely to concentrate
on them, nor on starved sea urchins living in a
barren area when larger healthy urchins were
to be found in nearby kelp areas. It is therefore more likely that the near extinction of sea
urchins observed at the site was the result of
disease. There is, however, evidence from observations of tagged sea otters (Tinker et al.
2008) and from sea urchin size data (Kenner
2017) that sea otters foraged extensively on
sea urchins at West End after 2001. It is
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therefore likely that sea otters are at least partially responsible for urchin numbers remaining low there for the last decade and thus acted
to facilitate the more recent state changes.
Other sea urchin predators have been proposed as important to community structure
in the kelp forest habitats of southern California (Hamilton and Caselle 2015). Three of
these—the spiny lobster Panulirus interruptus
(Tegner and Levin 1983), the sea star Pycnopodia helianthoides (Duggins 1983), and the
labrid Semicossyphus pulcher (Cowen 1983)—
all occur at SNI. No effects from these species
on state changes were detected in this study.
We lack abundance data for P. interruptus at
our long-term sites, but the spiny lobster is
rarely seen at any of them. Pycnopodia
helianthoides is one of the suite of species
counted in permanent transects on our sites.
They were present in fairly low numbers
between 1991 and 2013, but changes in their
abundance showed no relationship to the
patterns detected here. The sheephead, S.
pulcher, is counted in visual fish transects as
part of our regular sampling protocol (Kenner
et al. 2013). We again saw no relationship
between changes in their abundance and
changes between states at the sites. S. pulcher
is most common at Dutch Harbor, however,
and it is possible that sheephead predation
on urchins is one of several factors that have
helped maintain the long-term stability of
this site (Hamilton and Caselle 2015). In
fact, considering the urchin biomass reduction required to effect a change from an
urchin-dominated state (Ling et al. 2015), it
is likely that these 3 predators are much better
at maintaining stability than initiating a shift
between states.
There are several factors which may explain
the resilience of the Dutch Harbor community. Bottom relief is higher at this site, and
that in itself may partially explain why the
densities of S. pulcher and other fish species
are consistently higher there. The site also has
a higher cover of filter feeders and a generally
more diverse assemblage of species, all of
which may lead to a more stable system.
Although it is beyond the scope of this
paper to do this kind of analysis on data from
other areas, similar data collected at San
Miguel, Santa Rosa, Santa Cruz, Anacapa,
and Santa Barbara Islands between 1983 and
2011 (Kushner et al. 2013) indicate that most

sites made similar changes between kelpdominated and urchin-dominated states. There
seems to be little synchrony between those
changes and the ones we report here for SNI,
although S. purpuratus densities at several
sites at Santa Rosa and Santa Cruz increased
dramatically in 1985 and 1986, suggesting a
regional sea urchin recruitment event.
What emerges from our analysis is a more
complex and nuanced view of the kelp forest
stable state paradigm. Our study findings
lend support to the view that kelp forest
community structure may persist in a fairly
stable state for years or decades but that
under perturbation the community may shift
to another stable state. Our results also
demonstrate that more than 2 stable states
may be common. Finally, we suggest that the
interactive effects of multiple perturbations
(including urchin disease, storms, and sea
otter predation) may be responsible for shifts
between stable states.
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